Introduction
Mammalian imprinted genes are organised in clusters and their parental allele-specific expression is regulated by essential, CpG-rich, sequence elements called 'imprinting control regions' (ICRs; Bartolomei, 2009; Arnaud, 2010) . It is not known why some ICRs acquire DNA methylation imprints in the female germ line, while others become methylated specifically in the male germ line. However, in both the germ lines de-novo DNA methyltransferase DNMT3A is involved in imprint acquisition (Kaneda et al, 2004; Kato et al, 2007) . The related DNMT3L protein can form complexes with DNMT3A and plays an essential role in imprint acquisition as well (Bourc'his et al, 2001; Hata et al, 2002; Kato et al, 2007) . Interestingly, DNMT3L can bind to histone H3 in vitro, but H3 lysine-4 dimethylation, and in particular H3-K4 trimethylation (H3K4me3), was found to prevent its association with chromatin (Ooi et al, 2007) . Recent studies show that DNMT3A itself is also sensitive to the H3 lysine-4 methylation status. Its 'ATRX-DNMT3-DNMTL' (ADD) domain binds to the H3 tail most efficiently when lysine-4 is unmethylated (Otani et al, 2009; Zhang et al, 2010; Li et al, 2011) . Despite a suspected involvement of histone methylation states in the recruitment of DNA methyltransferase complexes, so far no studies have directly assessed chromatin at imprinted loci in germ cells to test this hypothesis.
Many ICRs acquire their DNA methylation in the female germ line (Arnaud, 2010) . Two well-known 'maternal ICRs' are the CpG island/promoter of the Snrpn gene (Shemer et al, 1997) , which controls the Prader-Willi Syndrome imprinted domain on central chromosome 7, and the KvDMR1, a CpG island/promoter that controls the Kcnq1 domain on distal chromosome 7 (Fitzpatrick et al, 2002) . Only four differentially methylated regions (DMRs) are known to acquire their methylation during spermatogenesis, a pre-meiotic process that initiates during fetal stages of development (Arnaud, 2010) . The best-characterised 'paternal ICRs' are the H19 DMR controlling the Igf2-H19 domain on mouse distal chromosome 7 (Tremblay et al, 1995) and the Ig-DMR, which controls the Dlk1-Dio3 domain on mouse distal chromosome-12 (Lin et al, 2003) .
Maternal ICRs comprise gene promoters, whereas paternal ICRs are intergenic non-promoter regions. This intriguing distinction might somehow contribute to the specificity of imprint acquisition. For instance, specific histone modifications such as H3K4me3 are linked to promoter activity, at least in somatic cells (Mikkelsen et al 2007; Zhao et al, 2007) , and could prevent acquisition of de-novo DNA methylation (Ooi et al, 2007; Ciccone et al, 2009; Zhang et al, 2010) . Here, we explore histone methylation in mouse primordial germ cells (PGCs), and in later-stage germ cells, with particular emphasis on the male germ line. A carrier chromatin immunoprecipitation (cChIP) approach was developed, adapted to small batches of FACS-sorted cells, to assess ICRs at critical stages of spermatogenesis. A main finding is that at maternal ICRs protection against DNA methylation in male germ cells correlates with promoter activity and biallelic enrichment of H3 lysine-4 (tri)methylation. At the paternal ICRs H19-DMR and Ig-DMR, in contrast, chromatin is organised differently and here acquisition of DNA methylation correlates with transcriptional read-through. Our data evoke a putative link
Results
Dynamics of DNA methylation acquisition in male germ cells Embryos were derived that were intra-specific hybrid between C57BL/6J and M. m. molossinus strain JF1 (Koide et al, 1998) and transgenic for a GFP gene driven by Oct4 regulatory sequences (Yoshimizu et al, 1999) . Gonads were dissected at fetal stages. Batches of FACS-sorted germ cells were obtained for DNA methylation, transcription, and chromatin studies. Single-nucleotide polymorphisms (SNPs) between C57BL/6J and JF1 allowed us to distinguish the parental chromosomes (Henckel et al, 2009) . First, we determined by bisulphite sequencing the timing of DNA methylation acquisition in germ cells of male fetuses. At four ICRs analysed, no DNA methylation was detected at 13.5 d.p.c., confirming that complete DNA demethylation had occurred at this stage (Figure 1 ). At the H19 DMR, initial acquisition of methylation was observed at 15.5 d.p.c., and by 17.5 d.p.c., DNA methylation was almost complete. Less pronouncedly than in some studies (Davis et al, 2000) , but comparable to others (Kato et al, 2007; Lee et al, 2010) , imprint acquisition was delayed on the maternal compared with the paternal allele. At the Ig-DMR controlling the Dlk1-Dio3 domain (Lin et al, 2003) , the timing of imprint acquisition was comparable to the H19 DMR, with partial acquisition at 15.5 d.p.c. and almost full DNA methylation at 17.5 d.p.c. The measured levels of DNA methylation were not much different on the parental chromosomes at 15.5 d.p.c. Also at the DMR of the Gpr1-Zdbf2 imprinted domain on mouse chromosome 1 (Hiura et al, 2010) , some CpG dinucleotides had acquired methylation by 15.5 d.p.c, and almost all CpGs were fully methylated at 17.5 d.p.c. (Supplementary Figure S1) . The maternal ICRs KvDMR1 and Snrpn DMR, as expected, remained unmethylated in the male germ cells at the stages analysed (Figure 1 ).
cChIP adapted to small numbers of FACS-sorted cells
To explore histone methylation in small batches of PGCs, we adapted a cChIP approach (O'Neill et al, 2006) . Small batches of FACS-sorted mouse cells were mixed with an excess of Drosophila melanogaster S2 cells, nuclei were purified, followed by partial MNase digestion, purification of chromatin fragments of 1-7 nucleosomes in length, and immunoprecipitation ( Figure 2A ). First, we checked whether our methodology faithfully revealed the allele specificity of H3 and H4 methylation at ICRs in the negatively sorted (GFP minus) somatic cells. Indeed, using B75 000 somatic cells per cChIP, we obtained allelic precipitation at the KvDMR1 ( Figure 2B ), and at Snrpn DMR, H19 DMR, and the Ig-DMR (Supplementary Figure S2) . As in earlier studies on somatic cells (Delaval et al, 2007; Verona et al, 2008; Pannetier et al, 2008; Henckel et al, 2009) in developing PGCs despite the global DNA demethylation (Lane et al, 2003) . Concordantly, H3K9me3, H4K20me3, and H2A/H4R3me2s at IAP elements were similarly high in the 13.5 d.p.c. PGCs as in somatic cells ( Figure 2C ). At all ICRs analysed, in contrast, the male 13.5 d.p.c. PGCs showed almost complete absence of H3K9me3 and H4K20me3 ( Figure 3A) . Similarly, at 15.5 d.p.c. we found H3K9me3 to be absent from ICRs in male germ cells. Also in female PGCs, we detected strongly reduced H3K9me3 and H4K20me3 at all four ICRs analysed ( Figure 3A ). Thus, together with the loss of DNA methylation, the associated H3K9me3 and H4K20me3 had been lost in the developing male and female PGCs as well. In somatic cells, symmetrical dimethylation on arginine-3 of histones H2A and H4 (H2A/H4R3me2s) is enriched on the DNA-methylated allele of ICRs as well (Verona et al, 2008; Henckel et al, 2009; Supplementary Figure S2) . Interestingly, despite the lack of DNA methylation, H2A/H4R3me2s was still present at high levels at all four ICRs analysed in the PGCs (male and female), at 13.5 and 15.5 d.p.c. ( Figure 3A) . By conventional PCR, followed by electrophoretic discrimination of Single-Strand Conformation Polymorphisms (SSCPs), it was found to be present on both the parental chromosomes at all four ICRs analysed ( Figure 3B ).
Acquisition of biallelic H3 lysine-4 methylation correlates with protection against DNA methylation
Next, we explored whether H3 lysine-4 methylation could be enriched at maternal ICRs in male germ cells. As an internal control, we chose a housekeeping gene, Rpl30 (Ribosomal protein L30), which is expressed at high levels in both male and female germ cells (Supplementary Figure S3) . We focused on H3 lysine-4 trimethylation (H3K4me3) given its direct link with active promoters in somatic cells (Bernstein et al, 2006; Zhao et al, 2007) . Indeed, in the PGCs this modification showed high levels of precipitation at Rpl30, as in somatic cells ( Figure 2C ). In the male PGCs, high levels of H3K4me3 were detected at the maternal ICRs Snrpn DMR and KvDMR1, at both 13.5 and 15.5 d.p.c. ( Figure 3A ). H3K4me3 was equally present on both the parental chromosomes ( Figure 3B ).
If H3 lysine-4 methylation prevents acquisition of DNA methylation in vivo, one expects this modification to be absent from paternal ICRs at the time of imprint acquisition in the male germ cells. This is precisely what we found at Ig-DMR and H19 DMR, at 13.5 d.p.c., and even more pronouncedly so at 15.5 d.p.c. (Figure 3A ), when paternal DNA methylation establishment initiates ( Figure 1 ).
Transcription is linked to the specificity of imprint acquisition Next, we explored whether the differential histone methylation between ICRs could be linked to transcriptional events. cDNAs were synthesised from total RNAs using random oligonucleotides, followed by quantitative PCR amplification (Supplementary Table S1 ). First, we analysed the maternal ICRs Snrpn DMR and KvDMR1. Both these CpG island promoters produce mono-allelic, long transcripts in somatic cells, which are readily detected downstream of their , and H2A/H4R3me2s in male (white) and female (grey) PGCs and somatic control cells (black; a mixture of male and female cells). Relative enrichment is defined as the ratio between the bound (with subtracted background) and the input chromatin, and was normalised to the (bound-background)/input ratio obtained for IAP elements. To the right, quantification of H3K4me3. Relative enrichment was calculated as the ratio between the bound fraction (with subtracted background) and input and was normalised to the (bound-background)/input ratio obtained for Rpl30. Experiments were performed at least in triplicate. Standard deviations are not given for experiments at 15.5 d.p.c., which were performed twice on male PGCs. Female PGCs were not analysed by ChIP at 15.5 d.p.c. (B) PCR-SSCP analysis (KvDMR1, Snrpn DMR, Ig-DMR) or real-time PCR-based allelic discrimination (H19 DMR) after cChIP on male germ cells. At all four ICRs analysed, the histone methylations studied were similarly precipitated from the maternal (M) and the paternal (P) alleles (the ratio between the parental alleles were in all cases smaller than 1.5). In this qualitative assay, the PCR amplifications were close to saturation.
transcriptional initiation sites (Bartolomei, 2009) . With a primer pair at the 3 0 side of the KvDMR1, high levels of transcript were detected in both male and female PGCs, at 13.5, 15.5 and 17.5 d.p.c. (Figure 4A ). To assess whether transcription originated from within the KvDMR1, we also amplified the cDNA with a primer pair at the 5 0 extremity of the KvDMR1, upstream of the somatic transcription start site. As in somatic cells, no amplification was detected in the germ cells at this region. At the Snrpn DMR, transcripts are readily amplified (from both the parental alleles) between Snrpn exons 1 and 3 (Supplementary Figure S4) ; similarly, high transcript levels were detected with primers at exon 5 ( Figure 4A) . A second primer pair, located directly 5 0 of its somatic promoter (see Figure 4A) , and primers spanning further upstream U1 promoters (Supplementary Figure S4) , did not give significant amplification. Although we did not determine the precise transcription start sites, these results suggest that the KvDMR1 and Snrpn DMR act as promoters in PGCs as well. At several other maternal ICRs analysed (ZacI, Grb10, Impact), we also detected promoter activity in the male germ cells at 15.5 and 17.5 d.p.c. (Supplementary Figure S4) .
Next, we explored transcription at the H19 DMR and the Ig-DMR ( Figure 4A ). In agreement with earlier reports (Drewell et al, 2002; Schoenfelder et al, 2007) , only low levels of transcription were detected at the H19 DMR in somatic tissues and embryos (Supplementary Figure S5) . Hardly any transcription was detected at the H19 DMR and the Ig-DMR in the FACS-sorted somatic control cells either. In female PGCs, only weak transcription was observed at the two paternal ICRs at the three developmental stages analysed ( Figure 4A; Supplementary Figure S5) .
A strikingly different picture emerged analysing male germ cells. Whereas at 13.5 d.p.c., virtually no transcription is detected at the Ig-DMR and H19 DMR, the signal increased tremendously by 15.5 d.p.c., at the onset of imprint acquisition, to levels comparable to those of the housekeeping genes Gapdh and Rpl30. The high expression of Ig-DMR and Figure S5 ), when almost full DNA methylation had been acquired (Figure 1 ). Similarly high levels were observed with primers pairs at the 5 0 and the 3 0 side of each of the ICRs ( Figure 5A ; Supplementary Figure S6) . Sequencing of amplification products indicated that the germ cell transcripts at the Ig-DMR and H19 DMR originated from both the parental chromosomes ( Figure 4B ). By analysing cDNA, reverse transcribed using stand-specific oligonucleotides, next we determined from which of the two DNA strands the male germ cell transcripts originated. At both the Ig-DMR and the H19 DMR, transcription was detected from one strand predominantly. At the H19 DMR, transcription originated predominantly from the side where the close-by H19 gene is located. At the Ig-DMR, transcription was found to come from the side where the Gtl2 gene is located ( Figure 4C) .
In further analyses, transcription was also detected between the H19 DMR and the H19 gene. With four primer pairs in the H19 gene-upstream region A-D, comparably high transcript levels were detected, at both 15.5 and 17.5 d.p.c. (Figure 5A ). Amplification of several longer RT-PCR fragments ( Figure 5B ) strongly suggests that these amplification events correspond to a single transcript, which is predominantly nuclear in its localisation (Supplementary Figure S7) .
Importantly, no RT-PCR product was amplified in a region (region D-E, Figure 5B ) overlapping the promoter of H19 gene. Furthermore, at exon-1 of H19 (region E) transcription was much higher than at the upstream regions A-D (Figure 5A ), also suggesting that independent transcription events occur upstream and downstream of the H19 promoter, respectively. Consistently, by strand-specific RT-PCR dedicated to amplify (H19) antisense transcription events, much higher levels of transcription were detected upstream (region D) than downstream (region E) of the H19 promoter ( Figure 5C ). Combined, these data suggest that transcription across the H19 DMR predominantly initiates upstream of the H19 gene, which itself is highly transcribed in the male PGC cells as well. However, expression of the RNAs crossing the H19 DMR seems not linked to the expression of the H19 gene. In female PGCs, H19 is more highly expressed than in male PGCs, whereas the antisense transcript crossing the H19 DMR is expressed at highest levels in male PGCs. In somatic control cells, H19 is expressed 25-fold higher than in the male PGCs, and yet, the upstream non-coding RNA (ncRNA) is not detected (Supplementary Figure S8) .
Because of repeat sequences in this region, it was difficult to estimate the precise start site of the Ig-DMR transcripts in the male PGCs. However, transcription was detected at a region between the Ig-DMR and Gtl2 as well, and cDNA amplification was readily achieved across this ICR (Supplementary Figure S6) . Combined, our data indicate high levels of biallelic transcription across the Ig-DMR and H19 DMR ICRs, on one of the two strands predominantly ( Figure 5D ). We assume that these are ncRNAs, given the absence of significant open reading frames (of 4100 bp) in the regions concerned. The concordant levels of transcription across regions A-D for the H19 DMR, and A-C the Ig-DMR ( Figure 5A ; Supplementary Figure S6 ) suggest that these ncRNAs are unspliced. Indeed, bio-informatic analysis (Genescan) shows that the H19 and Ig-DMR and their flanking regions do not comprise canonical splice donor and acceptor sites.
Discussion
Our main finding is that maternal and paternal ICRs have distinct states of histone methylation and transcription at the time of imprint acquisition in male germ cells. At maternal ICRs, a strong correlation is found between promoter activity, H3 lysine-4 methylation and in-vivo protection against DNA methylation. Biallelic transcriptional read-through, and absence of H3K4me3, correlate with acquisition of DNA methylation at the paternal ICRs H19 DMR and Ig-DMR. These data evoke the possibility that histone methylation and transcriptional events are linked to the specificity of imprint acquisition in male germ cells.
Given the relatively high numbers of FACS-sorted cells that were still required, we focused our cChIP studies on histone modifications that could potentially influence DNA methylation. We found that maternal ICR promoters were biallelically active in male PGCs and this correlated with biallelic enrichment of H3K4me3, a mark which prevents recruitment of DNMT3A-DNMT3L complexes in vitro (Ooi et al, 2007; Zhang et al, 2010) . We did not explore H3K4me2, since we failed to achieve allelic precipitation at ICRs in somatic control cells, indicating that the different sera tested were not good-enough for cChIP (Henckel et al, data not shown) . Whether, similarly as in somatic cells (Mikkelsen et al, 2007; Zhao et al, 2007) , all active promoters are marked by H3K4me3 in PGCs, is not known. However, high levels of H3K4me3 were detected at the control housekeeping genes and at the transcriptionally active H19 gene as well. Gene promoters are generally active in male germ cells at the time of imprint acquisition (Guo et al, 2004) . Indeed, at several other maternal ICRs (ZacI, Grb10, Impact), we detected promoter activity in the male germ cells as well (Supplementary Figure S4) . Whether promoter-associated H3-lysine-4 methylation is maintained through post meiotic stages of spermatogenesis as well, is not known. However, at the KvDMR1 and Snrpn DMR, chromatin is enriched in H3K4me2/3 in post meiotic spermatocytes and elongating spermatids as well (Delaval et al, 2007) .
In non-mammalian model species, including Neurospora crassa (Tamaru et al, 2003) , H3K9me3 facilitates acquisition of DNA methylation. Our quantitative measurements following cChIP showed that by 13.5 d.p.c., this repressive mark was completely lost from ICRs in male (and female) germ cells. Although a recent ChIP study detected H3K9me3 at the H19 DMR in male PGCs at this developmental stage, no quantitative data were included to assess its degree of enrichment (Lee et al, 2010) . The complete depletion of H3K9me3 at ICRs observed in our study contrasts with the presence of H3K9me3 at pericentric chromatin, which does not decrease significantly during PGC development, at least till 13.5 d.p.c. (Seki et al, 2005) . Also, at IAP elements we detected persistence of H3K9me3. At all ICRs analysed, we also noted depletion of H4K20me3 in the male (and female) PGCs. These repressive histone marks, therefore, do not signal subsequent acquisition of DNA methylation, at least not at the paternal ICRs.
The loss of H3K9me3 and H4K20me3 in PGCs complements our previous observation in mouse embryos that repressive histone modifications at ICRs depend on the presence of DNA methylation (Henckel et al, 2009) . Consequently, the loss of H3K9me3 and H4K20me3 in PGCs could be linked to the active, wide-spread removal of DNA methylation which occurs from B10 to 12.5 d.p.c. (Hajkova et al, 2002) . Conversely, the deposition of these repressive marks onto the methylated alleles of ICRs most likely occurs after fertilisation only, in the developing embryo. In agreement with this scenario, the DNA methylation imprints at paternal ICRs are not associated with H3K9me3 and H4K20me3 in spermatocytes and spermatids (Delaval et al, 2007) .
H2A/H4R3me2s was recently shown to be required for DNA methylation acquisition at the silenced Globin genes in primary erythroid progenitors, and this PRMT5-mediated H2A/H4 arginine methylation constituted a direct binding target of DNMT3A (Zhao et al, 2009) . Since in early germ cells, BLIMP1 associates with PRMT5 to control global levels of H2A/H4R3me2s (Ancelin et al, 2006) , we explored whether there could be enrichment of this mark at imprinted loci. Indeed, high levels of biallelic H2A/H4R3me2s were detected at ICRs in 13.5 and 15.5 d.p.c. germ cells. Although H2A/H4R3me2s has been hypothesised to facilitate DNMT3A recruitment at ICRs in male PGCs (Jelinic et al, 2006) , it would not provide the signal indicating which ICRs need to become methylated since it was detected at both maternal and paternal ICRs.
In the male germ cells, we detected high levels of transcription through the H19 DMR and Ig-DMR at 15.5 d.p.c., at the beginning of imprint establishment. Transcription levels were still high at 17.5 d.p.c., when methylation acquisition was almost complete. One hypothesis, therefore, could be that the acquired CpG methylation had led to enhanced transcription through these ICRs. A recent study on neurogenic gene loci provides evidence for such a mechanism in which DNA methylation enhances transcription (Wu et al, 2010) . In an earlier study on post meiotic male germ cells (which have full DNA methylation at paternal ICRs), we did not detect transcription across the Ig-DMR and H19-DMR (Delaval et al, 2007) . An alternative, non-exclusive, hypothesis is that transcription across the paternal ICRs facilitates imprint acquisition in the male PGCs. Insights into such a mechanism have recently been obtained relative to imprint acquisition in the female germ line. At the Gnas locus on mouse distal chromosome 2, DNA methylation acquisition in growing oocytes requires transcription across the ICR (Chotalia et al, 2009) . How, precisely, transcription could contribute to acquisition of de-novo methylation in germ cells is unknown, but insights have emerged from studies on somatic cells. X-linked genes, for instance, have higher levels of DNA methylation on the transcriptionally active than on the inactive X chromosome (Hellman and Chess, 2007) . The observed strand-preference of transcription across both H19 DMR and Ig-DMR could be relevant in relation to recent work on rDNA genes, showing RNA-dependent acquisition of DNA methylation is linked to the formation of RNA-DNA triplexes (Schmitz et al, 2010) . Together with insights from other model systems, our combined data make us to propose a working model (Figure 6 ) in which a specific histone modification state and transcriptional read-through, producing long ncRNAs, guide the acquisition of DNA methylation at paternal ICRs.
Imprinting acquisition in transgenic contexts has been observed for large constructs which comprised the ICR and sequences up to the 3 0 part of the H19 gene (Cranston et al, 2001) . When ectopically inserted, the H19 DMR itself is not sufficient for DNA methylation acquisition in male germ cells, although methylation can sometimes be acquired during early development (Matsuzaki et al, 2009) . This finding agrees with a role of the observed transcriptional readthrough initiating upstream of the H19 gene in PGCs.
It seems unlikely that all paternal ICRs use the same imprinting mechanism. The Rasgrf1 locus on mouse chromosome 9 is clearly different from the others, and was not included in this study. It does not have an equivalent in humans and its methylation acquisition requires not only DNMT3A, but also DNMT3B (Kato et al, 2007) . Acquisition of the paternal imprint at this retrotransposed locus involves small RNAs and depends on the expression of Mili, Miwi2, and MitoPLD, all components of the PIWI-interacting RNA (piRNA) pathway (Shoji et al, 2009; Watanabe et al, 2011) . Methylation at the H19 DMR and Ig-DMR, in contrast, is not regulated by components of the piRNA pathway, and no small RNAs were detected in male germ cells at these ICRs (Shoji et al, 2009; Watanabe et al, 2006 Watanabe et al, , 2011 . Thus, whereas imprint acquisition at the Ig-DMR and H19 DMR shows striking similarities to the mechanisms thought to control imprint establishment in oocytes (Chotalia et al, 2009; Ciccone et al, 2009 ), the process could be different at other paternal ICRs.
Materials and methods

Germ cell collection
Gonads were trypsinised in the presence of 0.2 mg/ml of DNAse-I, filtered through 40 mm cell strainers (BD Falcon TM ) and cells were sorted using a FACS-Aria TM (BD Biosciences). Both GFP-positive (germ cells) and GFP-negative (somatic control) cells were collected. On average, B7000 germ cells were obtained per gonad.
Carrier ChIP
Drosophila melanogaster S2 cells were washed with PBS and mixed with mouse cells of interest (10 million S2 cells per 100 000 mouse cells). Nuclei were extracted as described (Umlauf et al, 2004; Henckel et al, 2009) , resuspended in 200-300 ml of 'Nuclei PURE Storage Buffer' (SIGMA, S9183), and stored at À801C. Batches of nuclei were thawed on ice and pooled to get B75 000-100 000 mammalian cells of interest per ChIP. Chromatin was digested for 3 min at 371C with MNase (at 7.5 U/ml, USB/Affymetrix), purified as described (Umlauf et al, 2004; Henckel et al, 2009) , and precleared with 50 ml of protein-A sepharose overnight at 41C before ChIP. Immunoprecipitations were performed in a 500-ml volume overnight at 41C, with 10 mg of antibodies bound to Dynabeads protein-A magnetic beads (Invitrogen). Details on antibodies are in Supplementary Table S2 . Bead-bound chromatin was washed with 1 ml of three successive washing buffers (Henckel et al, 2009) , three times for each, and DNA was purified using NucleoSpin Extract II kit (Macherey Nagel). Primers used for qualitative and quantitative PCR analysis are provided in Supplementary Table S1 . cChIP data were obtained from at least three (and up to five) assays, performed on independent chromatin preparations, except for the data on male germ cells at 15.5 d.p.c. (Figure 3A) , which derived from two independent experiments.
Quantitative analysis of immunoprecipitated DNA by realtime PCR amplification Input and antibody-bound fractions were quantified by real-time PCR amplification with a SYBR Green mixture (Qiagen) using an MX3000 apparatus (Stratagene). Background precipitation levels were determined by performing mock precipitations with a nonspecific IgG antiserum (Sigma C-2288), and were only a fraction of that observed in the precipitations with specific antisera. Bound/ Input ratios were calculated and were normalised, according to the antiserum used, against precipitation at IAP elements or Rpl30.
Bisulphite sequencing and RNA expression analysis DNA extraction and bisulphite sequencing were conducted on batches of B15 000 cells, as described (Henckel et al, 2009 ). For each region analysed, CpG methylation profiles were obtained from at least three independent bisulphite treatments, with analysis of two or more independent PCR products per treatment. For each amplicon, methylation patterns were also assessed by digestion with 'diagnostic' restriction endonucleases (the 'Cobra' approach) followed by direct sequencing (data not shown). The two different approaches gave concordant results.
For reverse transcription, total RNA was extracted from batches of 30 000-100 000 cells using Trizol Reagent (Invitrogen). After digestion with RNase-free DNase-I, first-strand cDNA was generated by reverse transcription with Superscript-II (Invitrogen), or Quantiteck Reverse transcript Kit (Qiagen), using randomised primers. Duplicate sets of control samples were produced with the reverse transcriptase omitted to detect amplification from contaminating DNA. PCR amplifications on the cDNAs were performed using genespecific primers (Supplementary Table S1 ). RT-PCR products were quantified by real-time PCR amplification with a SYBR Green mix (Qiagen) using an MX3000 apparatus (Stratagene). Gapdh transcript levels were used for normalisation (Supplementary Table S1 ). RNA expression analyses were repeated at least three times (and up to six times).
Supplementary data
Supplementary data are available at The EMBO Journal Online (http://www.embojournal.org). Figure 6 Model for imprint acquisition in male germ cells. At the maternally methylated ICRs (upper part), which comprise promoters, during male PGC differentiation there is loss of repressive histone methylation and acquisition of biallelic H3 K4 methylation. The latter correlates with biallelic promoter activity and prevents recruitment of DNMT3A-DNMT3L complexes to the DNA. At paternally methylated ICRs (lower part), there is also loss of allele-specific repressive histone methylation during male PGC differentiation, as well as a complete depletion of already-low levels of H3K4me3. Possibly involving facilitating histone modifications, such as H2A/H4R3me2s, this histone modification state allows recruitment of DNMT3A-DNMT3L complexes, the signal for which could be provided by transcription through these intergenic ICRs (dashed lines). Our data indicate that the model could be pertinent in particular for the Ig-DMR and the H19 DMR.
